African trypanosomes cause sleeping sickness in humans and nagana in cattle. These 9 unicellular parasites are transmitted by the blood-sucking tsetse fly 1 . In the mammalian 10 host's circulation, tissues, and interstitium, at least two main life cycle stages exist: 11 slender and stumpy bloodstream forms 2,3,4,5,6 . Proliferating slender forms differentiate 12 into cell cycle-arrested stumpy forms at high levels of parasitaemia. This 13 developmental stage transition occurs in response to the quorum sensing factor SIF 14 (stumpy induction factor) 7 , and is thought to fulfil two main functions. First, it auto-15 regulates the parasite load in the host. Second, the stumpy stage is regarded as pre-16 adapted for tsetse fly infection and the only form capable of successful vector 17 transmission 8 . Differentiation to the stumpy form is accompanied by fundamental 18 morphological and metabolic changes, including expression of the stumpy marker, 19
(ES)-attenuated stumpy cells can complete the developmental cycle in the tsetse fly 18 . 48 It remained an open question whether this occurred with the same efficiency as with 49 SIF-produced stumpy cells. To address this question, we quantitatively compared the transmission efficiency of stumpy populations generated by either SIF-treatment or 51 through ES-attenuation. Tsetse flies (Glossina morsitans morsitans) were infected 52 during membrane feeding ( Fig. 1B ; Supplementary Video 1) with defined numbers of 53 pleomorphic trypanosomes, which are capable of completing the entire developmental 54 cycle. Two transgenic trypanosome cell lines, both of which contained the 55 GFP:PAD1 UTR reporter construct, were used. One was subjected to ectopic VSG 56 expression to drive ES attenuation (line ES; 18 ). The other was treated with stumpy 57 induction factor (line SIF). Both treatments resulted in expression of the 58 GFP:PAD1 UTR reporter and synchronous differentiation to the stumpy stage. The 59 resulting stumpy populations were fed to tsetse flies at concentrations ranging from 60 120,000 to 10 cells/ml. A feeding tsetse typically ingests 20 µl of blood 19 , meaning that 61 between 2,400 and 0.2 trypanosomes were ingested per bloodmeal on average (Fig. 62 1C, rows i-vi, column 2, Total). The trypanosomes had been previously scored for 63 expression of the GFP:PAD1 UTR reporter to confirm their identity as stumpy forms (Fig. 64 1C, columns 3-4). To analyse the infections, we carried out microscopic analyses of 65 dissected tsetse digestive tracts (Fig. 1D, E) . The presence of mammal-infective, 66 metacyclic trypanosomes in explanted tsetse salivary glands indicated completion of 67 the tsetse transmission cycle (Fig. 1F ). The uptake, on average, of two stumpy 68 parasites of either cell line produced robust infections of tsetse midgut (MG), 69 proventriculus (PV), and salivary glands (SG) (Fig. 1C, columns 5-7) . Ingestion, on 70 average, of even a single stumpy cell was sufficient to produce salivary gland 71 infections in almost 5% of all tsetse (Fig. 1C, row v) . When the stumpy parasite number 72 was further reduced to 0.2 cells on average per bloodmeal, 0.9% of flies still acquired 73 salivary gland infections (Fig. 1C, row vi) . As a measure of the incidence of life cycle 74 completion in the tsetse fly, we calculated the transmission index (TI; ratio of salivary gland to midgut infections) for each condition 20 . We found that for flies infected with 2 76 trypanosomes on average, the TI was comparable between SIF-induced (TI = 0.29) 77 and ES-induced (TI = 0.31) stumpy trypanosomes (Fig. 1C , rows iii-iv). A similar TI of 78 0.23 was observed in flies ingesting on average 1 trypanosome (Fig. 1C, row v) . Thus, 79 our data clearly show that a single stumpy cell is sufficient to infect a tsetse fly. As a 80 control, infections were also carried out using a monomorphic trypanosome strain 81 ( Supplementary Table 1A ). Monomorphic trypanosomes are able to infect the tsetse 82 midgut, but are incapable of completing the developmental cycle in the fly 21, 22 . As 83 expected, no salivary gland infections were seen using these cells. Next, we did an 84 experiment that was originally intended as an additional negative control: we infected 85 tsetse flies with proliferating PAD1-negative slender trypanosomes from the two 86 pleomorphic cell lines used (Fig. 1C , rows vii-xi). We expected these cells not to 87 passage through the fly. Remarkably, however, there was almost no difference in the 88 infection efficiency when the flies were fed with either 20 stumpy trypanosomes or 20 89 pleomorphic slender trypanosomes (Fig. 1C , compare TI for rows ii and vii). When flies 90 were fed with on average 2 slender parasites each, the TI was actually higher for 91 slender cells (0.60) than for stumpy cells (0.31) (Fig. 1C , compare TI for rows viii and 92 iii). This TI of 0.60 was identical for both populations of slender cells (Fig. 1C , rows viii-93 ix). Next, when given on average just one PAD1-negative slender cell per bloodmeal, 94 parasite infections still made it through the midgut, proventriculus, and salivary glands 95 with incidences of 4.9%, 4.3%, and 2.1% respectively, at a TI of 0.44 (Fig. 1C , row x). 96 In order to be absolutely sure that slender trypanosomes can passage through the 97 tsetse, we repeated the experiment with naïve slender parasites that had been freshly 98 differentiated from insect-derived metacyclic trypanosomes, i.e. cells that had just 99 restarted the mammalian stage life cycle ( Supplementary Table 1 , row iii). Infections with on average two freshly-differentiated slender trypanosomes per bloodmeal 101 revealed 6.9% midgut and 2.5% salivary gland infections. The transmission index was 102 0.36. 103 It is important to note however that while ES-attenuated cells showed similar midgut, 104 proventriculus, and salivary gland infection incidence as either stumpy or slender 105 forms (Fig. 1C , rows ii-iii and vii-viii), the SIF-induced stumpy cells were better at 106 establishing infections than their slender counterparts (Fig. 1C , rows iv-vi and ix-xi).
107
Infections with 1-2 slender cells, however, produced higher TI values than those with 108 the same numbers of stumpy cells (Fig. 1G ). This suggests that the proliferative 109 slender cells are more capable of progressing from a midgut infection to a salivary 110 gland one, and thus have at least comparable developmental competence to the 111 stumpy forms. In summary, our experiments not only establish that single 112 trypanosomes (either slender or stumpy) can infect the tsetse fly, but also strongly 113 suggest that slender cells can efficiently complete the passage through the tsetse fly. 114 To determine how slender trypanosomes manage to establish infections, we observed 115 the early events following trypanosome ingestion by tsetse flies (Supplementary Video 116 2). The canonical version of events is that ingested stumpy (i.e. PAD1-positive) cells 117 reactivate the cell cycle, begin to express the EP procyclin protein on their cell surface, 118 and differentiate to the procyclic life cycle stage. We infected tsetse with pleomorphic 119 trypanosomes, which not only contained the stumpy-specific GFP:PAD1 UTR marker, 120 but also encoded an EP1:YFP fusion 23 . In this way, the onset of stumpy development Thus, it appears that a seamless developmental stage transition from slender bloodstream forms to the procyclic insect forms takes 151 place, which is accompanied by the typical reorganisation of the cytoskeleton and the 152 concomitant switch of swimming styles 25,24 . 153 In order to directly compare the kinetics of slender-to-procyclic development with that 154 of stumpy stage trypanosomes, we fed flies with SIF-induced, PAD1-positive stumpy 155 trypanosomes ( Fig. 2B , stumpy). These cells remained in cell cycle arrest for the first 156 day, and re-entered the cell cycle as procyclic parasites after day 2-3. Stumpy 157 trypanosomes showed a higher incidence of EP1:YFP expression than slender cells 158 at all timepoints ( Fig. 2A , grey bars). The procyclic marker EP1:YFP was already 159 visible on the cell surface of 16.2 % of trypanosomes after 10 hours, showing that EP 160 expression was initiated before release of cell cycle arrest. Uncoupling of EP surface 161 expression from the commitment to differentiation has been reported before 23 . 162 We further investigated the developmental potential of pleomorphic slender 163 bloodstream forms in vitro using the same cell lines and analysis as above. 164 Differentiation to the procylic insect stage was induced by the addition of cis-aconitate 165 and a temperature drop from 37°C to 27°C 26, 27, 28, 23 Lond., B, Biol. Sci. 323, 573-588 (1989) . Parasitology 71, 393-417 (1975) . 
Legend to Figure 3
Slender trypanosomes differentiate to the procyclic life cycle stage in vitro without cell cycle arrest. Cultured slender or stumpy trypanosomes were differentiated in vitro by the addition of cis-aconitate and temperature reduction to 27°C.
(A) At the times indicated, trypanosomes were analysed for the expression of the fluorescent reporters GFP:PAD1UTR and EP1:YFP, as in Fig. 2. (B) Slender (n=1653) and stumpy (n=1798) trypanosomes were stained with DAPI and the configuration of the nucleus (N) and kinetoplast (K) was microscopically determined to identify the cell cycle stage. Data are compiled from five independent experiments, with each timepoint being analysed in at least two separate experiments. 
